
P- 
8 

5 R 

INVESTIGATION OF THE CHANGES OF THE ROTATION-VIBRATION 
SPECTRUM OF CERTAIN SIMPU MOL$cuLEs DURING 

DISSOLUTION I '  

(,# M. 0. Bulanin and N. D. Orlova \' 

T r a n s  l a t i o n  of 'lfr s sledovaniye izmeneniy mas hchat e l  ' n o k o q a t e l  ' nogo 
spektra I nekotorykh prostykh molekul p r i  rastvorenl 

Optika i Spektroskopiya, 9' , 
Vole 4, NO. 5, pp. 569-5749 1958 

(THRU) 

GPO PRICE $ N 67 290 1 I ,  
H (ACCESSION NUMBER) t 

I ; 
I I! / b  i -  

( C ~ L I E )  

CFSTI PRICE(S) $ 
' (PAGES) 

Hard copy 

Microfiche 

ff 653 July 85 

(HC) 

(M F) / 

I 
- * 

(NASA CR OR TMX OR AD NUMBER) (CATEOORY) 

NATIONAL AERONAUTICS AND SPACE ADMINISTMTION 
WASHINGTON, D. C. 20546 JUNE 1967 



NASA TT F-11,027 

INVESTIGATION OF THE CHANGES OF THE ROTATION-VIBRATION 

DISSOLUTION 
SPECTRUM OF CEBTAIN SIMPU MOLECULE3 DURING 

M. 0. Bulanin and N. D. Orlova 

ABSTRACT. Additional absorption bands unassociated with 
the  intramolecular degrees of freedom have been detected i n  
the infrared spectra of the  solutions of hydrogen halides i n  
water. By comparing the spectra of solutions with the  spectra 
of gases the additional bands were interpreted as the diffuse 
groups of rotat ional  branches. This indicates t h a t  the  almost 
f r ee  ro ta t ion  of dissolved substance molecules i s  retained i n  
solutions. A s  the interaction with the solvent increases rota-  
t i o n  changes t o  l ibrat ion.  

The t rans i t ion  of a material  frm the vapor state i n t o  a l i qu id  state or 
i n t o  a solut ion i s  accompanied by the  disappearance of t he  ro ta t iona l  band 
s t ructure  i n  the  vibrat ional  spectrum. It i s  usually assumed tha t  t h i s  phenomenon 
i s  associated with the impossibility of f r ee  molecular ro ta t ion  i n  l iquids.  

/569* 

The minimum perturbation of ro ta t iona l  movement takes place i n  l iqu id  hydro- 
gen where a discrete  ro ta t iona l  spectrum i s  observed ( r e f .  1). I n  the  case of 
l i qu id  oxygen, nitrogen and methane discreteness i s  no longer present ( r e f .  2) 
and only the  form of the  bands i n  the Raman scat ter ing spectra indicates t h a t  
the  almost f r ee  rotat ion of t h e i r  molecules i s  retained. 

Repeated e f for t s  have been made t o  detect  t he  ro ta t ion  of molecules i n  so- 
lut ions.  It i s  natural  t o  conduct such experiments i n i t i a l l y  with l i g h t  mole- 
cules which have small moments of i ne r t i a  and large ro ta t iona l  quanta. 

With t h i s  purpose i n  mind Kinsey and E l l i s  ( ref .  3) investigated the in-  
f rared absorption spectra of water dissolved i n  CC14 and CS2. 

the  established s t ructure  of the 1.38 and 1.87 p bands with the  quantized rota-  
t i on  of the  H20 molecule. 
Rodebush ( ref .  4) fo r  the  2.7 p band of H20. However, t h e i r  data  were not con- 

firmed by the rather  meticulous work of Fox and Martin ( r e f .  5) ,  who showed t h a t  
the s t ruc ture  i s  explained by the noncompensated absorption of atmospheric water 
vapors. Fox and Martin discovered an additional absorption band on the slope of 
the v I n  t h e i r  opinion the  form of the  addi- 

t i ona l  band resembles the envelope of ro ta t iona l  l i n e s  i n  the  spectrum of water 

They associated 

S i m i l a r  resu l t s  were obtained by Borst, Buswell and 

band for  water dissolved i n  CCl4 .  3 

vapor. The existence of t h i s  band i s  also noted i n  the works of Chulanovskiy 
( r e f .  6) and of Mecke and co-workers ( re f .  7 ) .  * 
Numbers i n  the margin indicate the or iginal  pagination i n  the foreign tex t .  
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A se r i e s  of works (refs. 8-10) studied the absorption spectrum of methane 
According t o  Breneman and W i l l i a m s  ( r e f .  9) the ro ta t iona l  dissolved i n  CC14. 

s t ruc ture  of the v CH band i s  observed. However, t h i s  i s  disproved by the data 

of Fox and Martin ( r e f .  8) and of Pai l lard ( r e f .  10). 
3 4  

West and Edwards ( r e f .  11) who investigated the  infrared spectra  of hydro- 
gen chloride solutions detected 2 secondary m a x i m a  i s  smaller in tens i ty  i n  the  
C C l k  solution, on both s ides  of the central  absorption maximum, f o r  the basic 

HC1 tone. Similar band forms were observed by Buswell, Maycock, Rodebush, 
( r e f .  12) fo r  the solution of HF i n  C C 1  while Josien and Sourisseau ( ref .  13) 

observed i t  for  solutions of HC1 and HBr i n  CC14 and CS 

were interpreted as combinations of the intramolecular frequency with the in t e r -  
molecular osci l la t ions frequency of the HHal molecules bound with the solvent 
( r e f .  11). 

4 
These auxi l iary m a x i m a  2’ 

Thus it appears that, t o  date, the ro ta t iona l  s t ructure  i n  the  spectra of 
solutions has not been observed with r e l i ab i l i t y .  A t  the same time additional 
bands have been observed i n  a ser ies  of cases but the or igin of such bands xas 
not subjected to a special  investigiation. 

The present work investigates t h e  infrared absorption spectra f o r  solutions 
of hydrogen halides i n  water for  the  pur.pose of investigating the  question of 
association between the  form of the band and the  nature of molecular motion i n  
l i qu id  media as well  as f o r  t he  c la r i f ica t ion  of additional bands i n  the  spectra 
of s o lu t  i ons . 

/570 

Experimental Par t  

The measurements were carr ied out by means of t he  IKS-6 and Perkin-Elmer 
(Model 1 2 - B )  spectrometers with LiF and N a C l  prisms. 
cal ibrated by using the absorption spectra of gaseous H20, C8, HBr, “21 and 

The instruments were 

9. The er ror  i n  determining the frequency was - + 2 cm-’ fo r  narrow bands and 

approximately - + 5cmA1 f o r  wider bands. 

The u t i l i zed  solvents were purif ied by the usual chemical methods and by 
multiple d i s t i l l a t i on .  
by the  index of refraction, and spectroscopically. 
vestigated; the thickness of the  layers d w a s  0.05-8.0 cm. 
peratures the  spectra were read with the a id  of a vessel heated by a water jacket 
connected t o  a precision thermostat. 

The degree of pur i ty  was controlled by the boiling point, 
Diluted solutions were in- 

A t  elevated t e m -  

2 



Figure 1. The infrared absorption 
spectra f o r  solutions of hydrogen 
chloride. 

S=5 cm at  2700 cm ; ( d=l cm) . 
Solvent: l-CC14,  t=l90, 2-CC14, 

t=95', 3-TiC14 (d=2 cm), 4-SiC14. 

-1 -1 Figure 2. The infrared absorption 
spectra of deuterium chloride so- 
lutions.  

-1 -1 S=2 cm at 2000 cm , d=l cm. 
S olut  ion : l - C K c 5  ; 2-CC14, 

3 - T i c  lb, 4 -S i C  14. 

Spectra were obtained f o r  solutions of HC1 i n  C C l 4 ,  SiC14, TiC14, D C 1  and 

CCL,, SiC14, TiC14, CHCl  

C C 1  F CC14, C2C14, C H C l  C NO and D 0 i n  C C 1  F a t  room temperature (approxi- 

mately 19O), and also fo r  HC1 and HBr i n  C C 1  at 9 5 O ,  H20 i n  CCl,  a t  75' and i n  

CH3N02 a t  90'. Par t  of the obtained spectra i s  represented i n  figures 1-5 ( t h e  

captions for the figures present the values of S--the effect ive spec t ra l  width 
of the  s l i t ) .  

HBr and DBr i n  CC14; HF i n  C5F12; H20 i n  C3C12F6, 3; 

2 3 3 '  3 5  2 2 2 3 2  

4 

As w e  can see from f igs .  1, 2 and 3 the  bands of a l l  the  hydrogen halides 
i n  solutions consists of a cent ra l  absorption peak and of auxi l iary maxima s i t -  
uated on both sides of it. 
frequency and low frequency s ide maxima are designated respectively by v 

v and v+ and shown i n  tab le  1. 

The positions of the  cent ra l  band and of t he  high 

0' 

I n  the  case of gases these designations r e fe r  /571 - 
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t o  the  frequencies of the zero band and t o  the maxima of the P and R branches. 
By comparing f igs .  1 and 2 we can see t h a t  the  distance between the  s ide maxima 
Av=v+-v- d i f f e r s  l i t t l e  for various solvents and decreases noticeably when we 

go from HHal t o  DHal. 
b 

The in tens i ty  of these m a x i m a  with respect t o  the central  band increases 
Sic1 C F 4 '  s i r  when the  following sequence of solvents i s  used: CHCl, 

For t h e  spectrum of hydrogen fluoride i n  C F ( f i g .  3 )  the  s ide  bands have 5 12 

approximately the same in tens i ty  as the cent ra l  band. 
of lower frequencies belangs t o  the  associated HF molecwles. 

Absorption on the s ide 

TABLE 1. VARIATION IN THE ROTATIONAL-VIBFATIONAL SPECTRUM 
DURING SOLUTION. 

H y d r o g c h  
halide 

HCI . . . . .  
DCI . . . . .  
IiCl . . . . . 
DCI . . . . .  
IICl . . a . . 
DC1 . . . . .  
I1CI . . . . . 
DCI . . . . .  
DCI ... . . . 

. H B r  . . , . . 
D B r . .  .. . 
H B r . .  .. . 
D B r . . . . .  

HF : . . . .  
H P  . . . _ .  

YO 
(cm-'1 

2080 (14 

- 
2327 
2049 
2828 
2046 
2835 
2049 
2046 

2668 1a] 

2516 
1814 

1839 1171 

3962 ['8) 
9936 

v t  
( C h  -1 - 

2979 
2147 
2946 
2126 
2340 
2121 
2960 
2129 
2145 

2629 
1892 
2620 
1800 

40W 
4075 

V, 
(cm") - 
2827 
2050 

2730 
1976 
2750 
1990 

2742 
1090 
1966 

2510 
1806 

2440 
1766 

3885 
3825 

hV 
Ctm-') 

140 
' 97 
215 
1 GO 
1so 
131 
205 
139 
185 

119 
77 
180 
125 

206 
250 

] 1.61 

) 1.dO.lB 

) 1.47 f 0.18 

) 1.49&&16 e*.* 

$ il - 
) 1.66 

) 1.48 f W4 

- - 

Remark. The data a re  f o r  room temperature. 

Figure 3 .  The infrared absorption 
spectrum f o r  the  solut ion of hydro- 
gen f luoride i n  C5F12. 

s=8 cm a t  4000 cm , d=l cm. -1 -1 

1 - - d - - - -  I .&- ' 3600 m a  m o  3903 I_.:$ 4100 42m 
w(cbf-3 
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When the temperature i s  ra i sed  the  central  peaks f o r  HC1 and HBr i n  CC1 

t ions a re  displaced toward the higher frequencies, there  i s  an increase i n  
s p l i t t i n g  Av, while the in tens i ty  of side maxima does not decrease i n  any case. 

s o h -  4 

I n  the spectra of water solutions 2 bands a re  constantly observed. These 
* correspond t o  the symmetric (v,) and antisymmetric ( v  ) valence osc i l la t ions  of /572 

which t h e . l a t t e r ,  as a rule,  i s  more intense. Figure 4 shows the spectrum f o r  
the solut ion of D20 i n  C C1 F 

v osc i l la t ions  respectively. The band s i tua ted  between them refers  t o  the os- 

c i l l a t i o n  vl, of the HDO molecules which a re  formed by isotropic  exchange with 

residues of l i g h t  water i n  the solvent. On the s ide  of higher frequencies a 
c lear  auxi l iary absorption band ( f i g .  4, 2) i s  observed away from the v band. 

S i m i l a r  side maxima ex i s t  i n  the spectra of l i g h t  water solutions ( f i g .  5). 
form of the corresp'onding maximum i n  nitromethane d i f f e r s  noticeably from the 
others;  while i n  a l l  other solutions the centers of s ide m a x i m a  a re  removed 
from the peak of the valence band by 100-120 cm-l, i n  the case of C NO2 t h i s  

distance i s  approximately 250 ern". The invest igat ion of H 0 spectra i n  CC14 2 

and C 

i s  d i f f e ren t  i n  these solutions. In  nitromethane there  i s  a noticeable displace- 
ment of the s ide  maxima toward the lower frequencies ( f i g .  5 and 6) when the  
temperature i s  increased and decrease in  the  distance t o  the valence bands; i n  
carbon te t rachlor ide such changes were not observed. 

3 

The 2766 and 2654 cm-I bands r e fe r  t o  the v and 
2 3 3 -  3 

1 

3 
The 

5 

NO2 a t  elevated temperature shows t h a t  the behavior of addi t ional  maxima 
?3 

~ 

qi 

Figure 4. 
the  solution of heavy water i n  C C1 F 

-1 S=10 cm at 2700 cm-l. Layer thickness ( i n  cm): 
1-5; 2-8. 

The infrared absorption spectrum fo r  
' 

2 3 3' 
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3700 3800 3900 4000 4100 
d I C i ' 1  

Solvent 

Figure 5. 
water solutions. 

S=10 cm at  4000 cm . Solvent: l-C2C$F3, 

The infrared absorption spectra of 

-1 -1 

d=10 cm, 2-c3cI2F6, d=5 cm, 3 - C C l q 9  d=5 Cm, 

E f  2' d= cmJ 
0 t=l9 , 4-CHC13, d=O.5 cm, 5-C 

t=9O , 6-CH2N02, d=l cm, t=l9 . 
NO 

0 0 

mole 

TABU 2. 

7.97 p 
8.96 124 

-7.0 1" 

I n  kilocalories/  I I n  cm 3 /mole I 

6.4 
7.7 
7.8 1 
9.2 

19.2 , 

Remark: V was determined a t  a temperature - 
of 20-25 O. 

f r ee  
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Discussion of Results 

Un t i l  the present t h e  the nature of the described side absorption bands 
remained obscure. The simplicity of the molecules whose spectra  were u s e d t o  
observe t h i s  type of band makes it possible for  us t o  affirm t h a t  they a re  not 
associated with the  intramolecular degrees of freedom. They cannot be at tr i-  
buted t o  "simultaneous t ransi t ions"  ( ref .  19). 
cular, by chmges which take place i n  the spectrum when HHal i s  replaced by 
DHal. It remains for  us t o  admit t h a t  the appearance of these m a x i m a  i s  due t o  
the  motion of the  dissolved substance molecules as a whole. 

This i s  demonstrated, i n  p a r t i -  

The data  obtained i n  the present work agree, bes t  of a l l ,  with the pro- 
posi t ion t h a t  such motion i n  most cases i s  the poorly retarded ro ta t ion  of 
molecules i n  the solution. I n  the f i r s t  place our a t ten t ion  i s  drawn by the 
s imi l a r i t y  between the forms of the bands i n  the  spectra  of hydrogen hal ide 
solutions and the envelope of the P, Q and R branches. We can see from the  
data  of t ab le  1 t h a t  the high frequency s ide  maximum i s  a t  a greater  distance 
frbm the cent ra l  band than the low frequency s ide maximum. 
the  gas the  m a x i m a  of the R and P branches a re  s i tua ted  i n  a similar manner with 
respect to the  zero maximum. 
heating a re  similar t o  changes which take place i n  the spectrum of a gas: fo r  
diatomic molecules the relat ionship between s p l i t t i n g  i n  the B i e r r u m  doublet 
Av 

I n  the  spectrum of 

Changes observed i n  the  spectra of solutions during 

and the  temperature T i s  given by the following equation 

( B  i s  the  ro ta t iona l  constant), i .e. ,  Av increases with temperature. A simi- 

lar re la t ionship  i s  observed i n  the spectra of solutions.  If the auxi l iary maxi- 
ma have the same nature as the P and R branches then the  isotopic  e f f ec t  must 

for  be the  same i n  both cases. 

gases and solutions shows t h a t  they coincide within the l imi t s  of experimental 
e r ro r  ( see  t a b l e  1). It i s  a l so  interest ing t o  note tha t  the H C l  band i n  the 
spectrum of the  compressed gaseous mixture of HC1 and N2 a t  pressures of approxi- 

mately 1000 atmospheres, investigated by Vodar  ( r e f .  20) has a form which re-  
sembles the  form of bands i n  solutions. 

3 

D H a l  Indeed the calculation of r a t i o s  Avmal/Av 

The auxi l ia ry  bands i n  the spectra of water solutions give a l l  indications 
t h a t  t h e i r  nature i s  the same as i n  hydrogen halide solutions. They are  more 
diffused which i s  easy t o  understand i f  wenote that  water molecules are asymme- 
t r i c  gyroscopes whose rotat ional-vibrat ional  spectrum i s  rather  complex. 

The case of nitromethane serves as an exception. The unusual temperature 
NO2 resembles the behavior of the  2100 cm-l behavior of the s ide maximum i n  C 

band in-the spectrum of l i qu id  water. This band i s  a t t r i bu ted  t o  the  combination 
of the  deformation osc i l l a t ion  v2 of H 0 with the intermolecular osc i l la t ions  2 

I-3 
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of the  l i b r a t i o n  ty-pe, and i s  a l so  displaced i n  the direct ion of lower frequencies 
during heating ( r e f .  5, 21). 
of the  s ide  maximum from the intramolecular band f o r  H 0 makes us believe t h a t  

i n  the  C NO t he  motion of water molecules takes on osci l la tory,  l i b r a t i o n  nature. 

This 

This fac t  as well  as the abnormally la rge  removal 

2 

$ 2  
B in te rpre ta t ion  coincides with the  in te rpre ta t ion  proposed by West and Edwards, 

( r e f .  11). 

The perturbation of the rotat ional  motion associated with the molecule of 

This s i t ua t ion  ex i s t s  i n  most of the solu- 
a dissolved substance i s  small as long as i t s  po ten t i a l  energy V remains l e s s  
than the k ine t ic  energy ( ref.  22). 
t ions  investigated by us. As the  interact ion with the  solvent increases the  
po ten t i a l  energy w i l l  increase and when V>kT the motion of the molecules i s  
transformed i n t o  vibrat ional  motion which i s  accompanied by an increase i n  the 
frequency of the t r ans i t i on  which combines with the basic  one as, fo r  example, 
i n  t he  so lu t ion  of water i n  nitromethane. 

s o l u b i l i t y  a l so  points t o  a stronger interact ion of components i n  t h i s  system. 

The r e l a t ive ly  high value of H 0 
2 

The problem of auxi l iary m a x i m a  in tens i ty  has not been considered quanti- 
t a t i v e l y  i n  the  present work because the determination of i n t ens i ty  was cmpl i -  
cated by the strong overlap of these maxima with the hands of intramolecular 
osc i l la t ions .  
with respect t o  the cent ra l  maximum takes place i n  the spectra of hydrogen halides 
i n  p a r a l l e l  with the increase which i s  pract icable  f o r  the movement of the f r ee  
volume of solvents. 

by means of t he  Lutskiy equation (ref. 26) can be seen i n  t ab le  2 which a l so  
presents the heats of vaporization f o r  the investigated solvents. 

We only note tha t  the increase i n  the in tens i ty  of s ide  maxima 

The var ia t ion i n  the free  volumes Vfree, which a re  computed 

I n  conclusion the author expresses h is  deep grat i tude t o  V. M. Chulanovskiy 
for  supervising the work and discussing i t s  resu l t s .  
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